Background and objectives Alemtuzumab is a humanized anti-CD52 monoclonal antibody used as induction in kidney transplantation (KTX) since 2003. Few studies have evaluated long-term outcomes of this agent or changes in outcomes over time.
Introduction
For nearly three decades there has been interest in developing kidney transplant immunosuppression protocols which avoid or quickly eliminate exposure to steroids to avoid the harmful sequelae of prolonged steroid therapy. Whereas successes with early steroid withdrawal have been limited by the risk of acute rejection and the perceived or actual reduction of longterm outcomes, some recent trials have been published with encouraging results with early graft survival and acute rejection incidence similar to steroid-based protocols, especially when concomitant antibody induction is administered (1) , dosages of cyclosporine are high (2, 3) , or maintenance therapy consists of tacrolimus and/ or mycophenolate mofetil (4, 5) .
Over the last decade, alemtuzumab (AZ) (Campath-1 H) has been used in kidney transplant immunosuppressive protocols at a number of centers (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . Various single and multicenter studies, both randomized and nonrandomized, are reasonably consistent in demonstrating the effectiveness of AZ as an induction or preconditioning agent in renal transplant recipients usually in the context of steroid avoidance or early withdrawal. However, few studies have reported long-term outcomes of AZ, most are limited to single-center experiences and small sample sizes, even the largest studies lack power to demonstrate meaningful impacts on graft survival, and few have compared AZ with other agents using the same maintenance treatment.
The long-term efficacy of AZ in the context of early steroid elimination remains unclear. We aimed to more comprehensively investigate the impact of AZ with early steroid elimination using registry data of kidney transplant recipients from 2003 to 2014, the time period in which AZ was used and an era characterized by the predominant use of tacrolimus and mycophenolate as integral parts of maintenance immunosuppression. We also sought to determine if a learning curve impact with this new agent occurred over time.
Materials and Methods

Sources of Data
We used data from the Scientific Registry of Transplant Recipients (SRTR). The SRTR data system includes data on all donors, wait-listed candidates, and transplant recipients in the United States, submitted by the members of the Organ Procurement and Transplantation Network. The Health Resources and Services Administration, US Department of Health and Human Services provides oversight to the activities of the Organ Procurement and Transplantation Network and SRTR contractors. This study was approved by the Institutional Review Board of the Albert Einstein College of Medicine. The clinical and research activities being reported adhere to the Declaration of Helsinki and are consistent with the principles as outlined in the Declaration of Istanbul on Organ Trafficking and Transplant Tourism.
Study Population
SRTR data were accessed to identify all adult, first-time, deceased-donor kidney-only recipients from 2003 to 2014. These years coincided with the utilization of AZ as induction therapy in the United States. Exclusions were donor age ,6 years and recipient previous organ transplant, hepatitis C or HIV seropositive, and research study participation. Patients were selected if administered induction therapy exclusively with AZ or antithymocyte globulin (ATG) and received maintenance immunosuppression with tacrolimus and mycophenolate mofetil without steroids at the time of hospital discharge. Patients receiving other types of maintenance immunosuppression, multiple induction agents, and those with incomplete information on maintenance immunosuppressive drugs at discharge were excluded. Patients who experienced allograft failure before discharge were excluded because the United Network for Organ Sharing ascertains the primary maintenance immunosuppressive regimen at the time of discharge from the index transplant hospitalization. This resulted in a final analytic sample size of 14,025 patients. To manage potential bias because of changes in therapy in response to clinical course, we used an intention-to-treat analysis that maintained individuals in their initially assigned treatment group throughout follow-up.
Outcomes
The primary outcome was time to death-censored graft survival (DCGS; defined as return to dialysis or retransplantation). Secondary outcomes were patient survival after transplantation and 1-year acute rejection (indicated by reported acute rejection or treatment for acute rejection in the follow-up forms at 3, 6, or 12 months).
Covariates
We included the following covariates in the multivariable models: recipient age (continuous); sex; race (black, other); diabetes mellitus (defined as diabetes mellitus as primary diagnosis or by history); polycystic kidney disease; duration of maintenance dialysis before transplantation (,3 years, $3 years, missing); number of human leukocyte 
Statistical Analyses
Univariate associations between exposure groups were examined using the chi-squared tests for categorical variables and t tests for continuous variables whose distributions approximated normality. Survival distributions for mortality and graft failure were examined with KaplanMeier curves and compared using the log-rank test. Cox proportional hazards models for DCGS and patient survival were fit to estimate hazard ratios (HR) and 95% confidence intervals (95% CI) for exposure groups after accounting for potential confounders. For variables that had missing data .1%, a missing category was created to conduct main multivariable analyses; complete case analysis was also conducted in sensitivity analyses. Other sensitivity analyses for the primary end point included (1) restriction to a maximum of 3 years follow-up, (2) adjustment of the SEM of the HR (sandwich estimator) to account for dependence of observations derived from the kidneys from the same center, and (3) inclusion of only centers with a high volume of steroid withdrawal patients. We additionally examined the utility of propensity or a mated analysis to address the potential of confounding by indication. The odds of known acute rejection at 1 year were assessed using logistic regression, including all covariates, and only included patients with at least 1 year of graft survival on the basis of their status as being at risk for these events. Acute rejection data were missing or unknown in 19 patients; these patients were not included in the analysis, resulting in a final analytic size of 10,793.
All multivariate models were additionally fit with an interaction term of induction type with transplant year category. Exposure groups and all other covariates were examined for adherence to the proportional hazard assumption. No important departures from proportionality were observed. Ties in the failure time were handled using the Breslow method. Time to outcome was defined as time from the date of transplant until date of outcome (death or graft failure), censored for loss to follow-up and end of study period (October 2, 2014).
All statistical analyses were conducted using the SAS system version 9.2 (SAS Institute, Cary, NC). Statistical significance was identified by a P value of ,0.05, and all confidence intervals also used a 95% threshold. All P values are two-sided.
Results
We identified 14,025 eligible patients transplanted from 201 centers between 2003 and 2014 who received maintenance with tacrolimus and mycophenolate mofetil at transplant discharge and induction with either AZ (n=5521) or ATG (n=8504). Patients receiving AZ were more likely to be younger, black, nonprivately insured, obese, sensitized (panelreactive antibody .30%), and with a pretransplant dialysis duration .3 years. They were less likely to be male, have diabetes mellitus, have a comorbidity, or receive a poorly matched kidney (HLAMM.3). Donor characteristics were similar except that AZ recipients were less likely to receive imported kidneys and more likely to receive kidneys from donors that were black and with hypertension ( Table 1) . The betweengroup differences in the case mix did not change substantively across eras (Table 2) . At 1-year follow-up, 77.9% remained on two maintenance medications, and 17.4% were receiving steroids. Steroid use at 1 year was significantly lower in the AZ group (9.6%) compared with the ATG group (20.0%) within the earliest era only. Between-group differences in maintenance medication number were significantly weighted toward a lower medication number in the AZ groups within all eras.
DCGS and Patient Survival
DCGS time to event curves of AZ versus ATG for the entire cohort and within each of the three eras are provided in Figure 1 . On multivariate analysis the interaction term between AZ and era was significant for DCGS (P,0.001 however, there was no significant interaction with time (P=0.13) ( Table 4 ).
Acute Rejection within 1 Year
The overall prevalence of 1-year acute rejection was 8.1% in the AZ group (11.4%, 6.9%, and 8.2% by era) and 8.5% in the ATG group (9.0%, 7.3%, and 9.2% by era). On multivariable analysis, the interaction term between AZ and era for the outcome of acute rejection was not significant (P=0.06). AZ was associated with comparable acute rejection in the first two eras (aOR, 1.17; 95% CI, 0.96 to 1.42 and aOR, 0.94; 95% CI, 0.82 to 1.07) and a lower Values are mean6SD or percentages. CVA, cerebrovascular accident; DCD, donation after circulatory death; Cr, creatinine; PCKD, polycystic kidney disease; BMI, body mass index; PRA, panel reactive antibody; CIT, cold ischemia time; HLAMM, human leukocyte antigen mismatch; AZ, alemtuzumab; ATG, antithymocyte globulin. a Data not shown for recipients missing information on BMI (n=690), PRA (n=290), CIT (n=278), HLAMM (n=2), dialysis duration (n=94), donor creatinine (n=16), donor DCD (n=1), donor/recipient weight ratio (n=130), and 1-year follow-up form immunosuppression medication (n=174). b Statistically significant difference between the AZ and ATG groups (P,0.05).
adjusted hazard of acute rejection in the most recent era (aOR, 0.89; 95% CI, 0.81 to 0.98) relative to ATG. Of recipients who developed acute rejection, unadjusted DCGS was significantly worse in the AZ group for the entire cohort (P,0.001) and in the earliest (P,0.001) and middle (P,0.01) eras but not the most recent era (P=0.46) (Figure 2 ).
Sensitivity Analyses
Additional analyses were performed to evaluate the robustness of the primary results. The results did not change in magnitude or direction, with exclusion of dependent variable patients with missing data, restriction of the multivariate model to a maximum of 3 years follow-up, or adjustment of the SEM of the HR (sandwich estimator) to account for dependence of observations derived from the kidneys from the same center.
To test whether the poorer outcomes with AZ may be caused by a center volume impact, we performed a subanalysis restricting the original cohort to include only centers with the most early steroid withdrawal experience, that is, the top 90th percentile of transplant centers by volume of steroid withdrawal patients (range, 1-828; 90th percentile, 213 patients). The subset analysis of 21 centers, all of which performed at least 213 kidney transplantations under AZ or ATG induction without steroids (8850 patients), recapitulated the DCGS findings (early era: aHR, 2.38; 95% CI, 1.71 to 3.31; middle era: aHR, 1.10; 95% CI, 0.89 to 1.37; recent era: aHR, 0.89; 95% CI, 0.71 to 1.12).
To address potential confounding by indication, we examined the utility of a propensity score to summarize the predicted probability of being prescribed AZ using a logistic regression model that included all study covariates and center identification with the aim of balancing the distributions of patient characteristics across nonusers versus users of AZ. However, the top probability was 55%, and most of the probability of receiving AZ was explained by transplant year and center identification. Therefore, because most of the probability of AZ use was on the basis of transplant year and center but not patient characteristics, a propensity analysis on the basis of patient 
Discussion
This analysis of adult primary kidney transplant recipients in the United States under tacrolimus-and mycophenolate mofetil-based immunosuppression without steroids by time of transplant hospitalization discharge shows that current induction treatment with AZ is similar to that of thymoglobulin in terms of graft and patient survival and is somewhat superior to thymoglobulin for acute rejection, as reflected by the most recent era in our analysis. Graft survival with AZ was associated with poor early outcomes, which improved over time.
Our early era results are similar to previous registry reports of kidney transplants performed during a similar time period (before 2007), which demonstrated 1-year acute rejection to be similar with AZ compared with IL2-RAb despite fewer maintenance immunosuppression medications administered (6) . At approximately 4-years followup, DCGS either trended worse (7) or was significantly worse (6) . The poorer early results with AZ have been attributed to a learning curve with the use of this medication because in early trials this agent was commonly used with irrational exuberance in terms of immunosuppressive drug withdrawal (15) . Our finding that the AZ recipients were receiving fewer immunosuppression medications at follow-up and had poorer graft survival after development of acute rejection (except in the most recent era) support this assertion. Although we adjusted for donor and recipient confounders and restricted the analysis to patients receiving the same maintenance therapy, intrinsic biases inherent in the comparison of medication regimens cannot be completely accounted for. In particular, when there are known or perceived differences in the efficacy of medication regimens, the assignment of patients to regimens and the adjustment of medication dosage are often not random and cannot be completely accounted for with statistical adjustment (16). Hence, in this analysis, which reflects the common practice of AZ usage in the United States, the poorer outcomes in the early era of AZ usage is possibly caused by underimmunosuppression rather than a diminished effectiveness of AZ.
Our recent era results are consistent with most data from prospective randomized trials wherein outcomes with AZ have been shown to be optimal when maintenance immunosuppression medications are the same as in control arms or at least both groups are exposed to similar calcineurin inhibitor levels. Most of the randomized trials comparing AZ with other induction agents (IL2R-Ab or ATG) or no induction have reported equal or lower biopsy-proven acute rejection (BPAR) in the AZ arms, with no unfavorable impact on early-term renal function or graft survival when both groups are exposed to similar calcineurin inhibitor levels. Margreiter et al. (8) found that AZ and tacrolimus monotherapy resulted in somewhat lower BPAR relative to AZ with dual/triple immunosuppression (20%/65 versus 32%/66, respectively; P=0.09). Another study by Welberry Smith et al. (9) using AZ and tacrolimus monotherapy also found lower BPAR relative to basiliximab, tacrolimus, and mycophenolate mofetil (10%/58 versus 24%/58; P=0.05). Cherukuri et al. (10) found that AZ resulted in significantly less BPAR compared with basiliximab with both groups having similar tacrolimus levels and mycophenolate mofetil dosage (10.3%/51 versus 24.1%/45, For overall patient survival 13,752 observations out of 14,025 were used in the model. aHR, adjusted hazard ratio; 95% CI, 95% confidence interval; aOR, adjusted odds ratio; ATG, antithymocyte globulin. Although follow-up in most studies has been short, a prospective randomized study by Hanaway et al. (12) demonstrated optimal 3-year DCGS and BPAR in AZ-receiving cohorts on the same maintenance therapy with tacrolimus, MMF, and early steroid withdrawal as control groups. The study showed similar 1-year BPAR in high-risk recipients compared with ATG induction with the same maintenance therapy (10%/139 versus 13%/69, P=0.53) and lower 1-year BPAR in low-risk recipients compared with basiliximab (5%/335 versus 17%/335, P,0.001). At 3 years, DCGS was also similar in the high-risk (91.3% versus 91%) and low-risk groups (97% versus 94%) receiving AZ relative to control medications, respectively. A large retrospective analysis also found lower acute rejection rates and better early graft survival when full doses of tacrolimus and mycophenolate mofetil were administered in the context of steroid avoidance or early withdrawal (13); however, others have not (17) . The prospective randomized trial that showed higher BPAR and lower graft survival in the AZ arm had minimized tacrolimus and mycophenolate mofetil only among those receiving AZ (14) . In fact, through subset analysis, the authors found that the significantly poorer renal function observed in the AZ group was specifically a result of early underimmunosuppression of maintenance agents (14) .
AZ usage in the United States is approximately 13% of all kidney transplants (18) . The utilization of this agent may increase especially if it continues to be free or less expensive than alternatives. AZ is currently offered free of charge by Sanofi through its Campath Distribution Program. Given the unmet need to define optimal induction regimens in kidney recipients and the growing interest in AZ, our finding of acceptable long-term results with AZ is important.
Our results are subject to the limitations inherent in observational data. Because kidney transplant recipients are typically not randomly selected to receive specific types of immunosuppressive therapy, it is likely that certain groups in some unmeasured way may be systemically less (or more) healthy than those that received other types of therapy. Nevertheless, we found that transplants performed with AZ induction were somewhat more commonly associated with traditional risk factors for graft loss, and these differences in clinical profiles between treatment groups did not change by era. There is the possibility for residual confounding as a result of clinical or demographic factors not included in the analysis, such as some donor biopsy characteristics, transplant technique, and center-specific treatment protocols. Because induction type is reported on follow-up forms after discharge, ascertainment bias may exist because of exclusion of patients with graft failure or death before discharge. However, the proportion of patients excluded for this reason was small (3.5%). These data do not include information on dose administration, drug level, immunosuppression changes, or timing of steroid withdrawal, which may significantly modify the impacts of specific agents. Potential issues relating to the determination of acute rejection include errors of sampling or technique, subjective interpretation, and ascertainment bias.
Our findings suggest that in the recent era patients receiving AZ and maintenance immunosuppression with tacrolimus, mycophenolate mofetil, and steroid early withdrawal had comparable results with those receiving ATG and the same maintenance regimen in terms of graft and patient survival and improved results for acute rejection. Graft survival with the use of AZ has improved over time, suggesting a learning curve impact with the use of this agent.
